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W,NL”-Methylenetetrahydromethanopterin dehydrogenase from Methunobacterium thermoautotrophicum (strain Marburg) was purified under 
anaerobic onditions to apparent homogeneity and a specific activity of approximately 750 eol/min/mg protein. Polyacrylamide gel electrophore- 
sis under native and denaturing conditions revealed that the enzyme is composed of only one polypeptide with an apparent molecular mass of 
43 kDa. The purified enzyme catalyzed the dehydrogenation of W,W”-methylenetetrahydromethanopterin (CH, = H,MPT) (apparent K,,, = 20 
PM) to Ns,,W-methenyltetrahydromethanopterin (CH = H,MPT) in the absence of any added electron acceptors. One mol of H2 was generated 
per mol CH = H,MPT formed, indicating that protons served as electron acceptor. Coenzyme Fdzc,, NAD, NADP and viologen dyes were not re- 
duced by CH, = H,MPT. The dehydrogenase also catalyzed the reverse reaction, the reduction of CH = %MPT to CH, = H,MPT with H,. The 
data indicate that CH, = H,MPT dehydrogenase from M. thermoautotrophicum is a novel type of hydrogenase. 
Methanopterin; Tetrahydromethanopterin; Methylenetetrahydromethanopterin dehydrogenase; Hydrogenase; Coenzyme F,,,; Methunobacterium 
thermoautotrophicum 
1. INTRODUCTION 
Methanobacterium thermoautotrophicum is a ther- 
mophilic methanogenic archaebacterium that reduces 
CO2 to CH4. ~,N1o-Methenyltetrahydromethanop- 
terin (CHsHdMPT) and p,N1o-methylenetetrahydro- 
methanopterin (CHz=HdMPT) have been shown to be 
intermediates in this reaction [l]. The reduction of 
CH=H4MPT to CHz=HdMPT (E“’ = -390 mV) [2] 
is catalyzed by CHz=HdMPT dehydrogenase (fig.1). 
The enzyme has been anaerobically purified by Hart- 
zell et al. [3] and shown to be dependent on coenzyme 
F420, The specific activity of the preparation obtained 
was, however, only 0.1 pmol/min/mg. Mukhopadhyay 
and Daniels [4] and te Brommelstroet et al. [5] recently 
described an aerobic purification procedure yielding a 
coenzyme F4zo-dependent CH2= H4MPT dehydrogen- 
ase of much higher specific activity (200 ,umol/min/ 
mg). Sodium dodecylsulfate polyacrylamide gel electro- 
phoresis revealed one band at the 32 kDa position [4]. 
We report here the anaerobic purification of a coen- 
zyme F420 independent CHz=HdMPT dehydrogenase 
of apparent molecular mass 43 kDa that catalyzes the 
reversible reduction of CHzH4MPT with Hz. A 
meeting abstract on these findings has been published 
El. 
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2. MATERIALS AND METHODS 
Tetrahydromethanopterin (HdMPT) and coenzyme Fdzs were 
purified from M. thermoautotrophicum [7]. CHz= HdMPT was 
generated from H4MPT and formaldehyde. CH=HbMPT was 
prepared by the method of Escalante-Semerena et al. [8]. M. ther- 
moautotrophicum (strain Marburg) (DSM 2133) was obtained from 
the Deutsche Sammlung von Mikroorganismen (Braunschweig, 
FRG). The organism was cultivated and harvested and cell extracts 
were prepared as described [9]. Fast protein liquid chromatography 
(FPLC) columns and molecular mass standards were from Phar- 
macia (Freiburg, FRG). 
CHz=HdMPT dehydrogenase was purified starting from an ex- 
tract of 25 g cells (wet weight). The purification steps are summarized 
in table 1. The DEAE Sepharose Fast Flow column (5 x 15 cm) was 
eluted with an NaCl gradient in 50 mM Tris-HCl, pH 7.6 (in the 
following referred to as buffer). The dehydrogenase luted at an 
NaCl concentration of 0.3 M. The fractions containing activity were 
pooled, concentrated by ultrafiltration, and diluted with buffer. Por- 
tions of 200 mg protein were applied to a Mono Q HR lO/lO column. 
CH2 = H4MFT CH = H4MPT 
Fig. 1. Reaction catalyzed by ~,N’“-methylenetetrahydrometh- 
anopterin dehydrogenase. CHz=HdMPT = fl,N”-methylenetetra- 
hydromethanopterin; CH=HdMPT = ti,N”-methenyltetrahydro- 
methanopterin. 
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The dehydrogenase activity eluted at 0.45 M NaCl using a 
0.3 M-O.6 M NaCl gradient in buffer. After rechromatography on 
Mono Q HR lO/lO the enzyme-containing fractions were sup- 
plemented with ammonium sulfate to a final concentration of 1 M 
and applied to a Phenyl Superose HR lO/lO column previously 
equilibrated with 1 M ammonium sulfate in buffer. The 
dehydrogenase luted at 0.3 M ammonium sulfate using a 1-O M 
gradient. Final purification was achieved by gel filtration on a 
Superose 12 column (1.6 x 50 cm) in buffer containing 0.1 M NaCl. 
The enzyme eluted after 50 ml corresponding to a relative molecular 
mass of approximately 80000 (rt 10000). All purification steps were 
performed in an anaerobic chamber (Coy, Ann Arbor, MI, USA) 
containing 95% NZ and 5% HZ as gas phase and catalyst for the 
reductive removal of 02. 
The standard assay for the determination of CHz=&MPT 
dehydrogenation to CH=&MPT was performed at 60°C in 
anaerobic cuvettes containing 1 ml of the following reaction mixture: 
120 mM potassium phosphate, pH 6; 35 pM HdMPT; and 3 mM for- 
maldehyde; the gas phase was N2. After temperature quilibration to 
60°C the reaction was started by the injection of enzyme. The forma- 
tion of CH=&MPT was followed photometrically at 340 nm (~340 
= 20800 cm-’ .M-‘) [8]. The standard assay for the determination of 
CHsHdMPT reduction to CHr=&MPT with HZ was performed at 
60°C in anaerobic uvettes containing 1 ml of the following reaction 
mixture: 120 ml potassium phosphate, pH 7.5; and 35pM 
CH=HbMPT; the gas phase was N2. After temperature quilibration 
to 60°C enzyme was injected and the reaction was subsequently 
started by exchange of the gas phase to Hz. The consumption of 
CH=HdMPT was followed photometrically at 340 nm. 
Polyacrylamide gel electrophoreses were performed according to 
Laemmli [ 101. Protein was determined via the Bradford method [ 111. 
Hz was quantitated after separation by gas chromatography using a 
thermal conductivity detector [ 121. 
3. RESULTS 
3.1. CHz=H&fPT dehydrogenase activity in cell 
extracts 
Cell extracts of M. thermoautotrophicum were 
found to catalyze the dehydrogenation of 
CHz=I&MPT to CH=HdMPT in the absence of any 
added electron acceptors. One mol of HZ was generated 
per mol CH=HdMPT formed. A plot of the rates 
against the protein concentration between 1 /rg and 
60 pg/ml gave a straight line which passed through 
zero. This finding indicates that only one independent 
component in the cell extract was required for the 
catalysis of CHz=HdMPT dehydrogenation to 
CHzH4MPT and HZ. The specific rate of 
CH;! = H4MPT dehydrogenation was 7 pmol/min/mg 
protein. 
The cell extracts did not catalyze the reduction of 
coenzyme F420, NAD or NADP with CHz=HdMPT 
nor did these coenzymes stimulate CH=HdMPT and 
HZ formation from CHz=HdMPT. 
M. thermoautotrophicum is known to contain two 
hydrogenases, a coenzyme Fdzo-reducing enzyme and a 
methylviologen-reducing enzyme [13-151. Since 
CHz=HdMPT dehydrogenation yielded Hz the ac- 
tivities of these two enzymes were also determined in 
cell extract (table 1). The Fdzo-reducing hydrogenase ac- 
tivity was found to be 0.4pmol/min/mg and the 
viologen dye-reducing hydrogenase activity was 
2.5 ~mol/min/mg. 
3.2. Purification of CH2= H&fPT dehydrogenase 
CH2= H4MPT dehydrogenase activity was rapidly 
lost under aerobic conditions. In the presence of 
dithiothreitol or mercaptoethanol the rate of inactiva- 
tion by 02 was considerably enhanced. Therefore, the 
complete purification procedure was performed under 
strictly anaerobic conditions in the absence of thiol 
compounds. The steps employed are summarized in 
table 1. Via fast protein liquid chromatography (FPLC) 
a IlO-fold purification was achieved yielding an en- 
Table 1 
Purification of CHr=HbMPT dehydrogenase from M. thermoautotrophicum (strain Marburg) and 
separation from methylviologen (MV)-reducing hydrogenase and from coenzyme Fdze-reducing hydrogenase 
activities 
Fraction Protein CHz=HdMPT dehydrogenase MV-reducing F42e-reducing 
(mg) hydrogenase hydrogenase 
Activity Specific activity activityb activityb 
(U) (U/mg) (U) (U) 
Cell extract (46 ml) 2500 18000 7 6250 1000 
160000 x supernatant g 1100 16000 14 5200 900 
DEAE Sepharose 
Fast Flow 528 14000 27 2250 500 
Mono Q HR lO/lO 125 7000 56 <200 <50 
Mono Q HR 1000 
rechromatography 49 5600 115 <l <l 
Phenyl-Superose 
HR lO/lO 10.8 2800 259 <l <l 
Superose 12 2.3 1800 775 <l <l 
1 U = 1 pmol/min 
a From 25 g cells (wet weight) 
b Activity in CHz=HdMPT dehydrogenase fractions 
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zyme preparation with a specific activity of 
775 pmol/min/mg. 
The purified enzyme did not catalyze the reduction 
of coenzyme F420 or methylviologen with Hz. The 
respective hydrogenase activities present in cell extracts 
were separated from CHz=&MPT dehydrogenase 
during chromatography on DEAE Sepharose Fast Flow 
(table 1) and Mono Q (fig.2). 
After purification, homogeneous enzyme was ob- 
tained as judged by polyacrylamide gel electrophoresis 
under denaturing conditions (fig.3). 
The purified enzyme was stored in 50 mM Tris-HCl, 
pH 7.6, containing 20% glycerol under N.2 as gas phase 
at 4°C. Under these conditions the enzyme was relative- 
ly stable. Only approximately 50% of the activity was 
lost within a week. 
3.3. ~u~ecu~ar properties of CH2= H~PT dehydro- 
genase 
The molecular mass of the native enzyme was deter- 
mined by polyacrylamide gradient (5-30070) gel elec- 
trophoresis and found to be 45 kDa using aldolase 
(rabbit muscle) (160 kDa), albumin (bovine serum) 
(67 kDa), and albumin (egg) (45 kDa) as standards. 
The protein, which was electro-eluted from the 45 kDa 
position had CHz=HdMPT dehydrogenase activity. 
Sodium dodecyl sulfate polyacrylamide gel elec- 
trophoresis revealed only one protein band at the 
43 kDa position (fig.3). Apparently the CHz=HdMPT 
dehydrogenase is composed of only one polypeptide 
chain. 
3.4. Catalytic properties of CHFH&iPT dehydro- 
genase 
The purified enzyme catalyzed the dehydrogenation 
of CHz=H4MPT (apparent &, = 20pM) to 
CH=H4MPT and HZ (fig.4) and the reverse reaction, 
the reduction of CHsH4MPT to CHz=HdMPT with 
Hz (fig.5). The time courses of HZ formation and con- 
sumption are given in fig.4A and fig.SA, respectively. 
CHzH4MPT and CHz=HdMPT were identified by 
their characteristic UV/Vis spectra [8] (fig.4B and 
fig.SB). 
The pH optimum for Hz formation from 
CH2=H4MPT was 6.5 (V = 775 ,umol/min/mg) and 
that of CH=HdMPT reduction with Hz was 7.5 (V = 
300 ~mol/min/mg). CHZ=H~MPT dehydrogenation 
was inhibited by its product Hz. 
The purified enzyme did not catalyze the reduction 
of coenzyme F420, NAD, NADP or methylviologen 
with either CHz=HdMPT or with Hz. 
CHz=HdMPT dehydrogenase was found to require 
high ionic strength in the assay for activity, which was 
essentially zero at very low salt concentrations both in 
the absence and in the presence of the electron accep- 
tors mentioned above. Upon addition of NaCl or KC1 
114 
.225 
t R 
Activities: 
o-0 CHZ4iQMPT D.ahydrogenass 
a-a hi+reducing Hydmgsnose 
0 - 0 Fgpo-reducing Hydrogenore 
I 
60 80 ?OO 120 
~lu~ionvoi~rne (mi) 
Fig.2. Separation of CHz=&MPT dehydrogenase from coenzyme 
F420 reducing hydrogenase and from methylviologen reducing 
hydrogenase during fast protein liquid chromatography (FPLC) on 
Mono Q HR 101’10. 
(120 pmol/ml) full activity was immediately restored 
again. 
3.5. pH-dependen t equilibrium 
The formation of CH=HdMPT and Hz from 
CHz=HeMPT went to completion only at pH values 
below 6.5. At higher pH the reaction stopped when on- 
ly part of the substrate had been converted to 
CH=HdMPT and conversion was essentially zero at 
pH above 8. When the gas phase was changed from NZ 
to HZ in the assays, the back reaction was observed. 
Fig.3. Analysis of purified CHs=HbMPT dehydrogenase from M. 
thermouutotrophicum by sodium dodecylsulfate polyacrylamide 
(12%) gel electrophoresis. Lanes 2 and 3, 5 cg and 10 gg purified 
enzyme, respectively; lanes 1 and 4, molecular mass standards, 3 fg 
each of phosphorylase b (94 kDa), albumin (bovine serum) (67 kDa), 
albumin (egg) (43 kDa), carboanhydrase (30 kDa) and soybean 
trypsin inhibitor (20 kDa). The gel was stained with Coomassie Blue 
R 250. 
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Fig.4. (A) Time course of Hz formation from CHz=H.+MPT 
catalyzed by purified CHZ=H~MPT dehydrogenase from M. 
thermoautotrophicum. The 1 ml assays contained: 120 mM 
potassium phosphate, pH 6; H4MPT at the concentrations indicated; 
3 mM form~dehyde; and 0.5 yg dehydrogen~e (230 ~mol/min/ 
mg). (B) UV/Vis spectra of the assay solution before start (t = 0 min) 
and after completion (I = 4 min) of the reaction (samples anaerobi- 
cally diluted with buffer to a CHz=HbMPT plus CH=HdMPT 
concentration of 35 FM). 
The reduction of CHz=I&MPT with Hz went to com- 
pletion only at pH values above 7.5. At pH 6.7 and a 
hydrogen partial pressure of lo5 Pa equilibrium was at- 
tained at a CHz=HhMPT to CH=&MPT ratio of ap- 
proximately 1. These findings indicate that a proton is 
involved as substrate in CHz==HdMPT dehydrogena- 
tion (see fig. 1) and that the free energy change AGO of 
the reaction must be near + 0 kJ/mol. This is predicted 
from the standard redox potentials of the 
CH=I&MPT/CH2=H4MPT couple (EO’ = -390 
mV) [2] and of the H+/H2 couple (E” = -414 mV). 
3.6. Metal context of C~~=~~PT dehydroge~u~e 
During purification the nickel content of the protein 
fractions was routinely assayed by atomic absorption 
spectroscopy (HGA-600 graphite furnace assembly). 
Nickel was found to co-chromatograph with the 
F42o-reducing hydrogenase, with the methylviologen- 
reducing hydrogenase and with the methyl-CoM reduc- 
tase. These three enzymes are known to contain nickel 
1161. In the fractions containing CHz=HdMPT 
dehydrogenase activity only very little nickel was 
detected and the small amount present did not correlate 
with enzyme activity. In the purified enzyme prepara- 
tion the nickel content was less than 0.1 mol per mol 
enzyme. 
Per mol enzyme approximately 1 mol iron was 
found. Due to background contamination with iron, 
which had to be corrected for, there is some uncertainty 
in this determination. Solutions of the enzyme 
(0.75 mgfml in 50 mM Tris-HCI, pH 7.6) were col- 
ourless. The UV-spectrum showed a maximum at 
280 nm (AA = 0.83) with shoulders at 300 nm (AA = 
0.4) and at 320 nm (AA = 0.25), and a minimum at 
260 nm (AA = 0.7). 
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Fig.5. (A) Time course of CH=H4MPT reduction to CHz=HdMPT 
with Hz catalyzed by purified CHz=HdMPT dehydrogenase from M. 
thermoautotrophicum. The 1 ml assays contained: 120 mM 
potassium phosphate, pH 7.5; 3.5&M CH=&MPT; and 1 Fg 
dehydro~enase (200 ~mol/min/mg). (B) UVlVis spectra of the assay 
solution before start (t = 0 min) and after completion (t = 5 min) of 
the reaction. 
4. DISCUSSION 
In the results section evidence has been presented 
that M. thermoautotrophicum contains an enzyme 
catalyzing the following reaction: 
CH=HeMPT + H2 * CH2=MPT + H+ 
The enzyme was found to be composed of only one 
polypeptide chain (fig.3). Because of the substrates us- 
ed by the protein it can be viewed as being a 
CHz=HeMPT dehydrogenase or a CH=HeMPT- 
reducing hydrogenase. 
The novel hydrogenase differs from the two other 
hydrogenases known to be present in M. ther- 
mo~utotrophic~m 113-l 51 and which were separated 
during the purification procedure (table 1 and fig.2) in 
that it is unable to mediate the reduction of coenzyme 
F420 or methylviologen with HZ. Thus the enzyme 
preparation was not cont~inated with significant 
amounts of coenzyme F42o-reducing hydrogenase or 
with methylviologen-reducing hydrogenase. The high 
specific activity of 775 pmol/min/mg of the purified 
CHz=HhMPT dehydrogenase also makes contamina- 
tion unlikely considering that the specific activity of the 
CHz=HdMPT dehydrogenase in cell extracts was 
significantly higher than that of the two latter 
hydrogenases (table 1). 
It is a general postulate that enzymes mediating the 
conversion of Hz contain a transition metal. Nickel- 
iron and iron-only hydrogenases have been described 
(for literature see [ 17,181). Available evidence indicates 
that the HZ forming CHz=I&MPT dehydrogenase 
from M. thermou~totrophicum ontains iron, the exact 
content of which has, however, not yet been determin- 
ed. Less than 0.1 mol of nickel per mol enzyme was 
found. 
The observation that cell extracts of M. ther- 
moautotrophicum catalyze the dehydrogenation of 
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CHz=HdMPT to CHrH4MPT in the absence of add- 
ed electron acceptors has also been made by Escalante- 
Semerena et al. [8], by Keltjens et al. [19] and by 
Mukhopadhyay and Daniels [4]. The electron acceptor 
used by CHz=HbMPT dehydrogenase was, however, 
not determined. Mukhopadhyay and Daniels [4] recent- 
ly reported that CH=HdMPT formation from 
CHz=H4MPT became coenzyme F420 dependent when 
a partially purified enzyme preparation was incubated 
in the presence of air. Conversion to the F4zo-dependent 
form was accelerated in the presence of dithiothreitol 
or mercaptoethanol. We were able to confirm these 
observations (unpublished results), the molecular basis 
of which is presently not understood. 
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